11. One example of an experiment employing target cells from 129 inbred mice can be seen in Fig. 3 , experiment 1. The 129 inbred line was initiated by breeding the original mosaic founder animal (6) with 129/Sv mice, and interbreeding the +/-offspring; since the embryonic stem cell line is of 129/Sv origin, this procedure yields inbred 129
30. To activate NK cells in vivo, mice were inoculated intraperitoneally one day before an experiment with poly I:C (100 p,g) (9, 10) . MAbs to IAb (BP107), heat stable antigen (Jlld), CD4 (GK1.5), and CD8 [AD4 (15) ] were used as indicated. After the depletions, viable cells were isolated on a Ficoll gradient.
31. The cytotoxic cell assay was as described (36) except that medium containing a serum substitute (AIM V medium, Gibco, Gaithersburg, MD) was employed for preparing the Con A blast target cells and in the assay cultures. However, when the assay was performed with serum or with AIM V medium on the same day, no difference was observed in the lysis of were not adjusted for the numbers of cells killed by antibody and complement, so the effector/target ratio in these panels refers to input effector cell number.
33. G. C. Koo and J. R. Peppard, Hybridoma 3, 301 (1984) .
34. The staining experiment in Fig. 4 employed thirdgeneration backcross mice of (B6 x 129)F1 +/-mice to B6 mice; it was necessary to use B6 backcross mice, because the B6 strain but not the 129 strain expresses the NK1.1 allele. MAb H57-597, specific for TCR,13 antibody (37).
The stained cells were analyzed on an Epics C flow cytometer and the data presented on a logarithmic scale. Dead cells were excluded by their forward and right angle light scattering characteristics. 35. P. Krimpenfort et at., EMBOJ. 6, 1673 EMBOJ. 6, (1987 Expression of the cystic fibrosis transmembrane conductance regulator (CFTR) generates adenosine 3',5'-monophosphate (cAMP)-regulated chloride channels, indicating that CFTR is either a chloride channel or a chloride channel regulator. To distinguish between these possibilities, basic amino acids in the putative transmembrane domains were mutated. The sequence of anion selectivity of cAMP-regulated channels in cells containing either endogenous or recombinant CFTR was bromide > chloride > iodide > fluoride. Mutation of the lysines at positions 95 or 335 to acidic amino acids converted the selectivity sequence to iodide > bromide > chloride > fluoride. These data indicate that CFTR is a cAMP-regulated chloride channel and that lysines 95 and 335 determine anion selectivity. cAMP-regulated Cl-currents are generated.
The simplest interpretation of these results is that CFTR is a cAMP-regulated Cl-channel, but it is possible that CFTR could regulate endogenous, previously silent Clchannels. The notion that CFTR is a Clchannel has been controversial because CFTR does not resemble any known ion channels but most resembles a family of energy-dependent transport proteins (3, 7, 8) . To test whether CFTR is a cAMPregulated Cl-channel, we used site-directed mutagenesis to change the properties of CFTR.
As permeating ions flow through an ionselective pore, they sense the electrostatic forces generated by amino acids that line the pore. This interaction between amino acids and the permeating ions determines ionic selectivity (12) . We reasoned that if CFTR is a Cl-channel, then changing positively charged amino acids in CFTR to negatively charged amino acids might alter ionic selectivity. Similar strategies have been used in K+ channels, the nicotinic acetylcholine receptor, and the mitochondrial voltage-dependent anion-selective channel (13) .
We mutated amino acids within the putative membrane-spanning sequences (Ml through M12) ( likely to span the lipid bilayer. They are also highly conserved among different species (14) , suggesting conservation of function. Moreover, a mutation that changes Arg347 in M6 to proline may be responsible for some cases of CF (15) , indicating that this residue may be critical for CFTR function.
We therefore made the following mutations, converting basic residues to acidic residues:
Lys95 -. Asp95, Lys335 -. Glu335, Arg347 -Glu347, and Arg1030 -. GIu'030 (16).
In HeLa cells transfected with either the wild type or the mutant forms of CFTR, cAMP reversibly activated whole-cell currents ( Table 1 In symmetrical Cl-concentrations, CFTR generates Cl-channels that display a linear current-voltage (I-V) relation (10, 11). To maximize our ability to detect a change in the relative permeability of Na+ to Cl-, we used a NaCl concentration gradient (Fig. 3 ). Under these conditions, rec- The anion permeability sequence of cAMP-regulated currents in wild-type CFIR and the apical membrane of T84 cells was Br-> C1-> I-> F- (Fig. 3, A and B,
and Table 1 ) (19) . Site-directed mutation altered the anion selectivity. When Lys95 or Lys335 were substituted with amino acids containing acdic side chains, the amon permeability sequence was converted to I-> Br-> Cl-> F- (Fig. 3 , C and D, and We also estimated the relative anion conductance of these mutated channels (20) .
Wild-type CFITR CFTR-R347E, and CFTR-RlO3OE had cAMP-dependent channels with relative conductance sequences that paralleled their permeability sequences: Br-2 C1-> I-F-. The most dramatic change was in CFTR-K335E, for which the conductivity sequence was Br-> I-> C1-> F- (Fig. 3D) . Although CFTR-K95D showed an altered permeability sequence, the relative conductivity sequence for the halides remained unchanged from that for the wild-type channel.
Eisenman's equilibrium theory of ionic selectivity (21) When the anion-site interaction energy is less than the energy required for dehydration, the permeability sequence is I-> Br-> C1-> F-, but when the anion-site interaction energy is much greater than the energy required for dehydration, the permeability sequence is F-> C1-> Br-> I-.
The permeability sequence of CFTR (Br-> Cl-> I-> F-) suggests that CFTR con- Table 1 . Relative anion permeability and conductance of cAMP-stimulated channels in the apical membrane and in cells expressing wild-type (27) The orientation of CFTR shown in Fig. 1 is based on hydropathy plots (3), the location of glycosylation sites (23) , the lack of a signal sequence, which suggests a cytoplasmic NH2-terminus (3), and the intracellular location of the R domain and COOH terminus (24) . In this model, Lys95 and Lys335 lie in the outer half of the channel; mutation of either has similar dramatic effects on anion permeability. Residues Arg347 and
Arg'030 lie in the inner half of the channel; mutation of either has only minor effects on anion permeability.
Our demonstration that CFTR forms a cAMP-regulated C1-channel indicates that
CFTR has a function not described for other members of the family of energy-dependent transport proteins (3, 7, 8 phate] (both gave similar results). In T84 cells, -100 mV cAMP was increased by adding the sodium salt of cAMP (20 ,uM) to the serosal solution. We measured cAMP-stimulated currents in the apical membrane by permeabilizing the basolateral membrane (29, 30 ) and in cells expressing CFTR by the standard (31) whole-cell voltage-clamp technique (10) . Cultures of T84 intestinal epithelia were grown and studied as described (29) . Voltage is referenced to the bath in whole-cell studies and to the mucosal solution in apical membrane studies; positive current (upward deflection) represents the flow of anions into the cell or from mucosal solution into the cell. Intracellular and serosal solutions contained 120 mM N-methyl-D-glucamine, 115 mM aspartic acid, 3 mM MgCl2, 1 mM Na2ATP, and 5 mM Hepes (pH 7.3 with 7 mM HCl). Cesium EGTA (1 mM) was added in whole-cell studies. Extracellular and mucosal solutions contained 140 mM NaCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 10 mM dextrose, and 10 mM Hepes (pH 7.3 with 4.5 mM NaOH). For T84 cells, baseline current was subtracted. Dashed line, the zero current level. Series resistance was compensated as described (10) . Studies were performed at 30 to 350C. Our data indicate that CFTR is a cAMPregulated C1-channel. The finding that apical membrane C1-channels and C1-channels induced by recombinant CFTR share several properties is consistent with that conclusion (25) . The fact that specific mutations in the membrane spanning sequences alter anion selectivity demonstrates that CFTR forms a cAMP-regulated anion pore and makes other interpretations unlikely. This conclusion begins to explain how genetic mutations in the gene for CFTR cause the pathophysiology of the disease (1,   9) . : that channel has a reifying I-V relation, whereas CFITR has a linear relation (6, 10, 11) ; that channel is more permeable to 1-than to C1-, whereas CFIR is more pcmable to Cl-than to I-( However, sites within CFTR other than those deleted also respond to cAMP, because the chloride current of CFTLUR increased further in response to cAMP stimulation. In addition, deletion of the R domain suppressed the inactivating effect of a mutation in NBD2 (but not NBD1), a result which suggests that NBD2 interacts with the channel through the R domain.
C YSTIC FIBROSIS (CF) (1) IS CAUSED
by mutations in CFIR (2-5), which generates cAMP-regulated Clchannels (6) (7) (8) . The primary amino acid sequence of CFIR predicts that the protein has two repeated units, each containing a membrane-spanning domain and a nuleotide binding domain (NBD), separated by a unique segment named the R domain (3). The R domain has a number of potential phosphorylation sites for cAMP-dependent protein kinase (3). In addition, CFIR can be phosphorylated by cAMP-dependent protein kinase (9) . We therefore tested whether the R domain confers cAMP dependence on the CFTR C1-channel. To address this question, we examined the consequences of deleting the R domain (10) (Fig. 1) . We constructed a plasmid-encoding CFIR in which amino acids 708 to 835 were deleted (CFTRAR) (11) , expressed it in HeLa cells (12) (Fig. lB) , and assessed cAMP-dependent Cl-channel activity with the halide-sensitive fluorophore 6-methoxy-N-(3-sulfopropyl)-quinolinium (SPQ) (13) . In the SPQ assay, an increase in halide permeability results in a more rapid increase in SPQ fluorescence (4, 6) .
Substitution of N03-for I-in cells expressing CFTR produced minimal changes in SPQ fluorescence (Fig. lA) . A subsequent increase in intracellular cAMP, produced by addition of forskolin and 3-isobutyl-l-methylxanthine (IBMX), stimulated a rapid increase in fluorescence, indicating that cAMP increased anion permeability (4, 6) . In contrast, in unstimulated cells expressing CFTRAR, substitution of I-by N03-caused an immediate, rapid increase in SPQ fluorescence (Fig. 1A) , a response that resembled that observed in CFTR-expressing cells stimulated by cAMP. Subsequent increase of cAMP concentrations by forskolin and IBMX in cells expressing CFTRAR further increased the rate of change in SPQ fluorescence.
Cells expressing CFIRAR had large basal currents as measured by the whole-cell patch-clamp method, even in the absence of cAMP (Fig. 2, A and B) . In contrast, increased cAMP concentrations were required to stimulate C1-currents in cells expressing CFTR (4, 6, 7) (Fig. 1) . Such currents were not present in nontransfected HeLa cells (basal current, 15 + 3 pA; n = 8) or CFIR-transfected cells (basal current, 93 + 48 pA; n = 8) (6) . Stimulation that raised cAMP concentrations produced a further increase in whole-cell C1-current in cells expressing CFTRAR (Fig. 2, A and B) ; basal current was 1041 ? 204 pA (n = 7) at +80 mV and increased by 32 ? 11% upon stimulation with cAMP. Activation was reversible in six of six cases.
Currents seen after expression of CFTRAR in unstimulated cells were similar to CFTR-generated currents in cAMP-stimulated cells (4, 6, 7): both currents were selective for Cl- (Fig. 2, C and D, and Table 
